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Abstract. In this study, the adsorption of Methylene Blue (MB) dye was studied with
modi�ed Fe-MOF-5 and MOF-5 synthesized at room temperature by a direct mixing
approach. The morphological and physicochemical properties of the prepared catalysts
were characterized by Scanning Electron Microscopy (SEM), X-Ray Di�raction (XRD),
and Fourier transform infrared spectroscopy (FT-IR). The removal rate of Fe-MOF-5 was
considerably greater than that of MOF-5, showing that the adsorption performance of
MOF-5 can improve through necessary modi�cations. The inuence of various parameters
on the adsorption interaction of the prepared compounds was considered in pH value,
contact time, temperature, adsorbent dosage, and concentration of MB. Consequently, the
adsorption kinetics, thermodynamics, and isotherms were explored consistently. To predict
the adsorption isotherms and specify the characteristic parameters for the process design,
four isotherm models, such as Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich
(D-R), were applied. The experimental isotherm data were found to �t the Langmuir
model properly. Additionally, adsorption kinetic data were tested using pseudo-�rst-order,
pseudo-second-order, and Elovich models and were found to �t pseudo-second-order model.
The thermodynamic parameters illustrated that the adsorption was a spontaneous and
endothermic process.
© 2018 Sharif University of Technology. All rights reserved.

1. Introduction

Metal-Organic Frameworks (MOFs) represent an ap-
pealing class of highly porous hybrid materials con-
structed by metal-containing nodes connected by vari-
ous organic bridges which bear multiple complex func-
tions [1]. In comparison with conventional adsorbents,
strong points of MOFs include diverse compositions
and structure types, tunable pore size, large surface
area, and coordinatively unsaturated/saturated metal
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sites to regulate the adsorption ability [2]. MOFs have
presented a great potential in sorption-related �elds,
too [3]. Therefore, MOFs have been widely explored
for gas storage, capture of green-house gases [4], as
well as adsorption of volatile organic compounds up
to now [5]. Moreover, the adsorption and removal
of pharmaceuticals (naproxen and clo�bric acid) [6],
dyes [7], alkyl aromatics and phenols [8], pesticides
[9], nitrogen and sulfur compounds [10] from the liquid
phase have been also reported. Although the research
on aqueous adsorption of contaminants on MOFs is
limited, the recent studies have paved the way for wide
applications of MOFs in removal and adsorption of
contaminants from polluted aqueous environment [11].

MB, as a cationic azo dye, exists extensively in
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wastewater produced by textile, leather tanning, and
paper industries [7]. MB deteriorates water quality and
makes a signi�cant impact on human health due to poi-
sonous, carcinogenic, mutagenic or teratogenic e�ects.
Therefore, the removal of MB from contaminated water
is a very attractive subject [12].

Nowadays, various methods are being developed
to remove MB from aqueous solutions, including pho-
todegradation, biodegradation, and adsorption [13].
The adsorption method is appealing for the removal
of dyes, because dye is quite stable against light
and heat as well as is resistant to oxidation and
biodegradation [8]. Besides, the sorption technique
works e�ectively without any additional pre-treatment
before utilization [14]. Activated Carbons (AC) and
zeolites are well-studied classes of materials for the
adsorption of MB from water [15]. Though AC and
zeolites have been used extensively in the removal of
MB, the adsorption capacity is quite limited [13].

Among the numerous MOFs reported so far,
MOF-5's potential applications have been largely stud-
ied [16]. MOF-5, for which the chemical formula
is Zn4O[C6H4(CO2)2], has a cubic structure, average
pore diameter of 18.6 �A, and huge pore size (< 20 �A
diameter pore size) coming up with fairly good sorption
for gaseous hydrogen [17]. However, up to now, there
has not been any report about the application of MOFs,
including Fe-BDC (Fe-MOF-5), in the adsorption of
dyes nor any kinetic and thermodynamic studies in
this context as well as any related kinetic and ther-
modynamic studies. This study, for the �rst time, ex-
poses the e�cient adsorption and removal of MB from
aqueous solution by Fe-MOF-5 synthesized at room
temperature and just in a few hours. The adsorption
behavior of MB on Fe-MOF-5 was studied in respect of
factors potentially a�ecting the adsorption, adsorption
isotherms, kinetics, thermodynamics, and mechanism.

2. Experimental

2.1. Materials
All reagents and starting materials were procured
commercially from Merck and used as received without
further puri�cation unless otherwise noted.

2.2. Preparation of the adsorbents
Modi�ed Fe-MOF-5 nanocrystals were synthesized ac-
cording to the associated literature with slight mod-
i�cations [18]. Briey, a solid mixture of iron (III)
nitrate hexahydrate [Fe(NO3)3.6H2O] (1.2 g) and 1,4-
benzene dicarboxylic acid (0.334 g) (H2BDC) was
dissolved in N,N-dimethylformamide (DMF, 40 mL))
under vigorous stirring followed by the addition of
2.2 mL triethylamine (TEA) dropwise. The mixture
was stirred for an hour until a brownish precipitate
was formed. The precipitate was �ltered and washed

with DMF as well as chloroform (3�10 mL). The solid
was �nally dried in a vacuum condition at 80�C for 6 h.

Nano-sized MOF-5 was achieved by modi�ed pro-
cedures reported by Li [19]. About 1.2 g of zinc nitrate
hexahydrate [Zn(NO3)2.6H2O] and 0.334 g of H2BDC
were dissolved in 40 mL of DMF under constant
agitation in atmospheric conditions. 2.2 mL of TEA
was added drop by drop when a colorless solution was
being formed. After stirring for one hour, a white
product was �ltered and washed several times with
DMF and chloroform (3 � 10 mL). The solid product
was �nally dried in a vacuum condition at 80�C for 6 h.

2.3. Characterization
SEM images were obtained on a Philips, XL30 instru-
ment operating at 26 kV. The XRD data were collected
using a D8 Bruker advanced di�ractometer with Cu-
K� radiation, scan rate of 0.1 2�/s, and within the
range of 2-50�. FT-IR spectra were recorded in the
range of 400-4000 cm�1 on a Bruker Vector 22 FT-IR
spectrophotometer utilizing KBr plates.

2.4. Adsorption studies
The adsorption was performed by batch experiments.
An aqueous stock solution of MB (1000 ppm) was
prepared by dissolving MB (C16H18ClN3S, MW: 373.9)
in deionized water. MB calibration curve was prepared
by determining the absorbance at 664 nm (�max) with
a series of standard MB solutions (2-14 ppm) at neutral
pH, and the initial or equilibrium concentrations of MB
were calculated with the calibration curve. Prior to ad-
sorption, the adsorbents were dried overnight at 100�C
in a vacuum condition. For each test, approximately
25 mg of the sample was added to the MB solution
(25 mL, �xed concentration, pH: 7) and stirred for 10
min to 160 min at 298 K. Then, the adsorbents were
�ltered by centrifugation, and the MB concentration
was determined from the absorbance of the UV spectra
of the solutions with a spectrophotometer (UV-1800
RAILEGH). Adsorption isotherm tests were carried
out by a series of initial concentrations (100-500 mg/L).
To calculate the thermodynamic properties, adsorption
isotherms were recorded in 25 mL of MB solution at
298, 303, and 313 K. The adsorption kinetic experiment
was carried out by the adsorption procedure, which was
mentioned before, at certain intervals of time with 25
mL solutions (100-500 mg/L).

The MB removal percentage over the adsorbents
was calculated by Eq. (1) [20]:

Removal (%) =
C0 � Ce
C0

� 100; (1)

where C0 (mg/L) and Ce are the initial and equilibrium
solution concentrations, respectively.

The equilibrium uptake was calculated by Eq. (2)



A. Fallah Shojaei et al./Scientia Iranica, Transactions C: Chemistry and ... 25 (2018) 1323{1334 1325

[20]:

qe =
V
m

(C0 � Ce); (2)

where qe (mg/g) is the equilibrium adsorption capacity
of the adsorbent, and V (L) and m (g) are the volume
of the solution and the weight of the adsorbents,
respectively.

To determine the adsorption capacity at various
pHs, the pH of the MB solutions was adjusted to 0.1 M
HCl or 0.1 M NaOH aqueous solution. The adsorption
rate constant was calculated using pseudo-second or
pseudo-�rst-order reaction kinetics [21]. The maximum
adsorption capacity was accounted using the Langmuir
adsorption isotherm [13].

3. Results and discussion

3.1. Synthesis and characterization of the
adsorbents

Modi�ed nano Fe-MOF-5 was characterized and pre-
pared by the direct mixing approach in an atmo-
spheric condition. The morphology and particle size
of the samples were considered by SEM, as shown
in Figure 1. The MOF-5 morphology is character-
ized by nanospheres crystals of 40-70 nm in diameter
(Figure 1(a)). As shown in Figure 1(b), Fe-MOF-
5 nanocrystals display irregular nanospheres' mor-
phology with the average particle size of 30-50 nm.
Furthermore, adding TEA to the liquid phase results
in spherical nanocrystals, consistent with the reported
data in literature [3].

The XRD pattern in Figure 2(a) shows that the
overall patterns seem to be similar to the results shown
by Li [22], Huang [23], and Ha�zovic [24]. However, a
key peak (2� of 6.8�) is missing in the present study,
probably, due to some alterations of atomic orientation
in crystal surface by a solvent and other adsorbate
molecules that �ll the pores of MOF-5s [23]. The
di�raction peaks of Fe-MOF-5 are almost the same

as those of MOF-5, suggesting that crystal structure
remains intact [22].

FT-IR spectra of the prepared samples are shown
in Figure 2(b) while con�rming the presence of the
required functional groups. The bands at around 1381
and 1578 cm�1 are the symmetric and asymmetric
characteristic stretching vibrations of the carboxylate
in BDC2� [25]. Several weak absorptions seen in the
region of 600-800 cm�1 are the result of the out-of-
plane bending vibrations of the aromatic C-H groups
of the benzene ring present in H2BDC [25]. The broad
band around 3200-3500 cm�1 is due to the adsorbed
moisture content [26]. Both MOF-5 and Fe-MOF-
5, synthesized by the direct mixing approach, do not
show the absorption of protonated BDC around 1715-
1680 cm�1, con�rming the complete deprotonation of
H2BDC by TEA in MOF-5 and coordination between
the linker and ferric ion in Fe-MOF-5 [27].

3.2. MB adsorption
3.2.1. Comparison of removal rate for di�erent initial

concentration of MB in Fe-MOF-5 and MOF-5
The initial concentration is an important factor which
provides an essential driving force to avoid mass
transmission resistance of the molecules between the
adsorbent and the aqueous [28]. The adsorption
behaviors of MOF-5 and Fe-MOF-5 towards MB with
di�erent initial concentrations are compared, as shown
in Figure 3. Apparently, the removal rate of Fe-MOF-5
toward MB is high, even in the �rst 40 min at a lower
initial concentration (4 mg/L, 10 mg/L and 12 mg/L).
However, by the initial concentration increase of MB up
to 16 mg/L, the removal rate of Fe-MOF-5 decreases
more than lower concentrations.

3.2.2. Contact time e�ect
To explore the adsorption process, e�ect of the contact
time increase on the adsorption capacity is calculated
and shown in Figure 4(a). It is observed that the
uptake is done rapidly in the �rst stage through 0 to
80 min. The second stage can be described at the

Figure 1. SEM images of (a) MOF-5 and (b) Fe-MOF-5.
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Figure 2. XRD patterns (a) and FT-IR spectra (b) of MOF-5 and Fe-MOF-5.

Figure 3. Comparison of removal rates for MB in C0 = 4 mg/L (a), 10 mg/L (b), 12 mg/L (c) and 16 mg/L (d);
m = 25 mg; V = 25 mL.

Figure 4. E�ect of (a) contact time, (b) solution pH, (c) adsorbent dosage, and (d) temperature on uptake of MB to
Fe-MOF-5.
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lower rate of 80 to 120; then, the process reaches the
saturated state. To justify this phenomenon, probably,
there are more attainable vacant surface sites in Fe-
MOF-5 throughout the initial stage, leading to MB
molecules that are adsorbed rapidly on the outer sur-
face [29]. Furthermore, the MB uptake increases with
increasing initial concentration of MB, demonstrating
the favorable adsorption of MB due to the increase of
the number of collisions among the adsorbents and the
dye ions at a high concentration [29].

3.2.3. E�ect of the solution pH
The pH impresses dye adsorption by changing the
surface charge of the adsorbent as well as the speci�c
distribution of dye in the solution phase [30]. As
shown in Figure 4(b), the MB adsorption onto Fe-
MOF-5 is sensitive to the pH of the solution. The
amount of MB adsorbed onto Fe-MOF-5 increases from
77.53 to 131 mg/g with the pH increasing from 4
to 10. This phenomenon could be explained by the
dissociation of carboxylate groups (-COOH) on Fe-
MOF-5 surface [30]. Electrostatic attraction between
the MB cations and the negatively charged sites on
the surface of Fe-MOF-5 is considered a major driving
force for the adsorption. Therefore, increasing pH of
the solution enhances the adsorption.

3.2.4. E�ect of adsorbent dosage
Figure 4(c) shows the e�ects of Fe-MOF-5 dosage on
the adsorption of MB. The removal percentage of MB
increases as Fe-MOF-5 dosage increases. However,
when the adsorbent dose increases more than before,
the removal percentage increases slightly. Furthermore,
it can be seen that, by increasing the adsorbent dose,
the adsorption capacity of MB decreases. It is mainly
due to a higher adsorbent dosage which provides a large
excess of the active sites leading to the lower utility of
the sites at a certain concentration of MB [30].

3.2.5. E�ect of temperature
Figure 4(d) shows the relationship between the adsorp-
tion capacity (qt) and MB concentration in solution
at di�erent temperatures (298, 308, and 318 K).
Obviously, the temperature remarkably inuences the
adsorption of MB. By increasing temperature, the ad-
sorption capacity increases, indicating that the adsorp-
tion is an endothermic process and high temperature
assists the adsorption. Increasing temperature may
cause a swelling e�ect on the porosity and the pore
volume of the adsorbent which enables MB molecules
to permeate rapidly across the surface and within the
internal pores of the adsorbent [30].

3.3. Adsorption isotherm
Adsorption isotherm models are widely utilized to
describe the adsorption progress and investigate ad-
sorption mechanisms. Thus, the equilibrium data of Fe-

MOF-5 �t the Langmiur, Freundlich, Temkin, and D-R
isotherm models. The application of isotherm models
to the adsorption treatment was studied by judging
the correlation coe�cient (R2). Langmuir isotherm
is based on the theory that the adsorption process
occurs at speci�c homogeneous sites onto the adsorbent
surface. Moreover, when a dye molecule occupies a site,
there is no possibility for further adsorption to at that
site. In other words, it is deduced that the adsorption
process is of the monolayer naturally. The linear
form of the Langmuir isotherm model is expressed by
Eq. (3) [12]:

Ce
qe

=
1

qmKL
+
Ce
qm

; (3)

where Ce is the equilibrium concentration of adsorbate
(mg/L), qe is the equilibrium adsorption capacity
(mg/g), qm is the maximum adsorption capacity of
the adsorbate (mg/g), and KL (L/mg) is a Langmuir
constant related to the a�nity of the binding sites
and energy of adsorption. The high value of R2

indicates that the adsorption of MB onto Fe-MOF-5
follows the Langmuir isotherm model. A linear relation
is obtained between Ce=qe and Ce (Figure 5); the
Langmuir isotherm constants (KL and qm) are shown
in Table 1.

For predicting the favorability of an adsorption
system, the Langmuir equation can also be remarked in
terms of a dimensionless separation factor, RL, de�ned
in Eq. (4) [12]:

RL =
1

1 +KLCm
; (4)

where Cm is the maximum initial concentration of
adsorbate. RL indicates the favorability and capacity
of adsorption system. When 0 < RL < 1:0, it
represents favor adsorption [31]. RL values are in the

Figure 5. Linear plot of Langmuir isotherm of MB
adsorption onto Fe-MOF-5.



1328 A. Fallah Shojaei et al./Scientia Iranica, Transactions C: Chemistry and ... 25 (2018) 1323{1334

Table 1. Langmuir, Freundlich, Temkin and D-R
constants for the adsorption of MB onto Fe-MOF-5
(m = 25 mg; V = 25 mL; pH = 7.0, T = 298 K; contact
time = 7h).

Isotherm model Parameter Value R2

Langmuir KL (L/mg) 0.123 0.9962
Qmax (mg/g) 161.29

Freundlich
KF (mg/g) 59.829

0.972n 5.8
1=n 0.1724

Temkin
BT 117.811

0.984bT 21.03
Kt 6.404

D-R
� 0.0027

0.956qm 154.578
Ea 13.608

range of 0.016-0.168 which proves that the adsorption
is a favorable process. Moreover, RL value is approxi-
mately zero when C0 increases, which means that the
sorption of MB onto Fe-MOF-5 is less favorable at a
high initial MB concentration [13].

The corresponding Freundlich, Temkin, and D-R
parameters are shown in Appendix A, and the values
of their parameters are calculated and listed in Table 1.

To calculate the sorption energy, D-R isotherm
model was used. The amount of mean adsorption
energy gives information about chemical and physical
adsorptions. The numerical value of Ea (Table 2) was
calculated as 13.6 KJ/mol. According to the literature
[30], the value of Ea is in the range of 8 to 16 kJ/mol
which indicates the chemical adsorption process.

As shown in Table 2, Langmuir isotherm �ts
appropriately the experimental data (correlation coef-
�cient R2 > 0:99). This indicates that the Langmuir
model is very suitable for describing the adsorption
equilibrium of MB onto Fe-MOF-5. The maximum

adsorption capacity of MB onto Fe-MOF-5 (q0) is
161.29 mg/g at 298 K. The fact that the Langmuir
isotherm �ts the experimental data very well may be
due to the homogeneous distribution of active sites
on the Fe-MOF-5 surface, since the surface is homo-
geneous as considered by the Langmuir equation [13].
The utilization of the isotherm equation to describe the
adsorption process was judged by R2. The adsorption
isotherm models �tted the data, based on R2 values, in
the order of Langmuir > Temkin > Freundlich > D-R
isotherm. The value of Freundlich constant n larger
than 1 points to the favorable sorption candidates.

3.4. Adsorption kinetics
To analyze the kinetics of MB adsorption onto Fe-
MOF-5, the pseudo-�rst-order, pseudo-second-order,
Elovich and intraparticle di�usion models were exam-
ined at three di�erent initial MB concentrations in this
study. The pseudo-�rst-order model was applied to
the adsorption process, described in Appendix B. The
related parameters are presented in Table 2. There
is a signi�cant di�erence between calculated qe and
experimental qe.

The pseudo-second-order equation can be ex-
pressed by Eq. (5) [27]:
t
qt

=
1

k2q2
e

+
t
qe
; (5)

where k2 (g/mg.min) is the rate constant of pseudo-
second-order adsorption determined by plotting t=qt
versus t at di�erent initial MB concentrations, as
shown in Figure 6(a), and the values of parameters
are summarized in Table 2. The data display excellent
agreement of the pseudo-second-order model with high
R2 (R2 > 0:99). Moreover, because the calculated qe
values are very close to the measured one [27], the good
agreement mentioned above can be con�rmed.

The Elovich equation was �rst developed to de-
scribe the kinetics of chemisorption of gas onto solids
[27] (Appendix B). It is possible that the kinetic
data are analyzed by the intraparticle di�usion kinetic
model, written as in Eq. (6) [28]:

qt = kdt
1
2 + C; (6)

Table 2. A comparison of pseudo-�rst-order (a), pseudo-second-order (b), Elovich (c), and intraparticle di�usion (d)
kinetic models' rate constants calculated from experimental data.

C0

(mg/L)
Qe;exp
(mg/g)

Pseudo-�rst-order
kinetic model

Pseudo-second-order
kinetic model

Elovich kinetic
model

Intraparticle di�usion
model

K1

(min�1)
Qe;cal

(mg/g)
R2 K2

(g/mg.min)
Qe;cal

(mg/g)
R2 � � R2 kd

(mg/g min1=2)
C R2

100 85.94 0.015 161.47 0.731 1.15 104.16 0.974 2.97 0.043 0.957 3.5 89 20.11 0.943
200 104.64 0.013 84.85 0.9569 1.87 119.04 0.994 13.45 0.048 0.92 3.222 47.974 0.886
300 98.904 0.0007 27.82 0.9929 4.64 104.66 0.998 340.69 0.093 0.986 3.589 20.119 0.943
400 107.64 0.008 49.96 0.7535 2.87 114.94 0.993 101.06 0.074 0.91 2.133 66.886 0.917
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Figure 6. Linear plots of (a) pseudo-second-order and (b) intraparticle di�usion kinetic models of MB adsorption onto
Fe-MOF-5 (C0 = �100 mg/L, � 200 mg/L, N 300 mg/L, � 400 mg/L).

where kd is the intraparticle di�usion rate constant
(mg/g min1=2), and C is a constant. The values kd,
C and correlation coe�cient calculated from the slope
of the plots of qt versus t1=2 are shown in Table 2
and Figure 6(b). It is discovered that the correla-
tion coe�cients for the intraparticle di�usion model
are above 0.88, indicating a rich description for MB
adsorption by this kinetic model. The value of intercept
exposes an idea about the boundary layer thickness,
i.e. the greater the intercept, the larger the boundary
layer e�ect [13]. It is clearly observed from Table 2
that the intercepts are not zero but large values which
increase with increasing initial MB concentrations for
MB adsorption onto Fe-MOF-5. This result implies
that boundary layer di�usion may be the rate-limiting
step in the adsorption process for Fe-MOF-5 and is
more dominant when the initial MB concentration is
higher.

3.5. Adsorption thermodynamics
Thermodynamic parameters, containing changes in the
Gibbs free energy (�G�), enthalpy (�H�), and entropy
(�S�) for the adsorption of MB onto Fe-MOF-5, are
determined based on the distribution coe�cient (kd)
of solute between the solid and liquid phases [32]. The
values of �G�, �H�, and �S� are calculated using the
following equations [32]:

Kd =
qe
Ce
; (7)

�G� = �RT lnKd; (8)

lnKd = ��G�
RT

= ��H�
RT

+
�S�
R

; (9)

where Kd is the distribution coe�cient of the adsorbent
equal to qe=Ce. The values of �S� and �H� were

calculated aboard the intercept and slope of the Van't
Ho� plot of ln Kd versus 1=T , respectively.

The values of the thermodynamic parameters for
MB adsorption onto Fe-MOF-5 are listed in Table 3.
The negative values of �G� at various temperatures
demonstrated the feasibility of the process and spon-
taneous nature of the adsorption. In addition, the
negative amount of �G� decreased with increasing
temperature, representing that the spontaneous nature
of adsorption of MB is commensurate to the tem-
perature. The value of �H� is positive, suggesting
that the reaction is endothermic which is in agreement
with the consequence of temperature-based MB uptake
increases. The positive value of �S� indicates that the
adsorption is irreversible [32].

3.6. Adsorption mechanism
Even though a more detailed study is necessary to
clarify the mechanism of MB adsorption on modi�ed
Fe-MOF-5, the adsorption may be explained by an
electrostatic interaction between the dye and adsor-
bent [33]. MB exists in the positive form; therefore,
there will be an electrostatic interaction between the
dye and adsorbent having a negative charge. As
explained above, when the pH increases from 4 to 10,
the amount of MB adsorbed onto Fe-MOF-5 increases
from 77.53 to 131 mg/g, which displays the role of
electrostatic interaction in the adsorption process.

Possibly, Fe3+ is more e�ective than Zn2+ because
of its higher electronegative attribute. In other words,
its ionized connection aspect with O2� of carboxylate
is higher. Thus, it rises anionic aspect of carboxylate
and facilitates cationic dye adsorption since Fe is more
electronegative and e�ective than Zn.

However, the possibility of another mechanism,
such as �-� interaction [34], between benzene rings of

Table 3. Thermodynamic parameters for the adsorption of MB on Fe-MOF-5.

�H� (KJ/mol) �S� (J/mol.K) �G� (KJ/mol)
298 K 308 K 318 K

83.164 292.262 -3.956 -7.275 -9.761



1330 A. Fallah Shojaei et al./Scientia Iranica, Transactions C: Chemistry and ... 25 (2018) 1323{1334

Table 4. Previous studies on MB adsorption and the maximum amounts adsorbed.

Adsorbent pH Temp. (K) qm (mg/g) Ref.

Clay 7.0 298 60 [35]

Natural zeolite 5.0 298 23.6 [36]

Modi�ed zeolite 7.0 298 42.7 [37]

Hazelnut shell 4.1-4.5 298 96 [38]

Activated carbon 7.0 298 46.3 [39]

Graphene 3.0 293 153.85 [40]

Graphene oxide/calcium alginate 5.4 298 181.81 [40]

MOF-199 7.0 298 15.28 [41]

Fe3O4@MIL-100(Fe) 7.0 298 49.41 [42]

Fe3O4@MIL-100(Fe) 7.0 318 73.80 [42]

Fe-MOF-5 7.0 298 161.29 This work

Fe-MOF-5 and MB cannot be ruled out. Preliminary
experiments indicate that Fe-MOF-5 may have poten-
tial applications in adsorption of MB.

3.7. Comparison of other adsorbents
Apparently, a direct comparison of Fe-MOF-5 with
those obtained in literature is not feasible because
of di�erent experimental conditions utilized in those
studies. The data in Table 4 show that synthesized
Fe-MOF-5 in this study has comparable adsorption
capacity compared to many adsorbents.

4. Conclusion

Modi�ed nano-sized Fe-MOF-5 and MOF-5 nanocrys-
tals were synthesized by the direct mixing approach at
room temperature and characterized by SEM, XRD,
and FT-IR techniques and used in the removal of
MB from aqueous solutions. Furthermore, kinetics,
isotherm, and thermodynamics of adsorption were
explored fully. The adsorption process of MB �t-
ted the pseudo-second-order kinetic model completely.
The Langmuir isotherm model yielded much better
agreement with it than Temkin, Freundlich, and D-
R did. The MB maximum adsorption capacity of
Fe-MOF-5 calculated from the Langmuir model is
161.29 mg/g at 298 K and is strongly dependent
on the adsorbent dosage, pH, temperature, contact
time, and initial concentration. The thermodynamic
parameters demonstrated that the adsorption was a
spontaneous and endothermic process. Despite the
mediocre adsorption capacity of the Fe-MOF-5 com-
pared with some adsorbents, it is acceptable to use it as
an adsorbent regarding the mentioned characteristics.
Additionally, Fe-MOF-5 utilization as an adsorbent has
several advantages making it worthy: low cost and easy

production, synthesis in room temperature conditions,
and time saving.
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Appendix A

Freundlich, Temkin and D-R parameters of
MB adsorption isotherms
The Freundlich isotherm is an empirical equation which
assumes that the adsorption process occurs on a hetero-
geneous surface via a multilayer adsorption mechanism,
and adsorption capacity is related to the concentration
of dye at equilibrium. The linear form of the Freundlich
model can be expressed by Eq. (A.1) [43]:

ln qe =
1
n

lnCe + lnKF ; (A.1)

where KF (L/g) and n are the adsorption constants
that indicate the adsorption capacity; the value of
1
n ranging from 0.1 to 1.0 demonstrates a favorable
adsorption condition. A linearity between ln qe and
lnCe is obtained, which is shown in Figure A.1 from
the slope and intercept of the regression; the values of
Freundlich parameters (KF and n) are calculated and
listed in Table 1.

The Temkin isotherm is based on an assumption
that there is an indirect adsorbate-adsorbate interac-
tion for adsorption. The heat of adsorption slakes
linearly with coverage due to this interaction. The
linear form of the Temkin isotherm model can be
expressed by Eq. (A.2) [44]:

qe = BT lnKt +BT lnCe; (A.2)

where BT = RT
bT , and bT (J/mol) is the Temkin

constant related to the heat of adsorption; R is
the universal gas constant (8.314 J/mol.K); T is the

Figure A.1. Linear plot of Freundlich isotherm of MB
adsorption onto Fe-MOF-5.
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Figure A.2. Linear plot of Temkin isotherm of MB
adsorption onto Fe-MOF-5.

temperature (K); Kt is the maximum binding energy
constant, and qe (mg/g) and Ce (mg/L) are the value
of adsorbate adsorbed onto the adsorbent and the
adsorbate concentration at equilibrium, respectively. A
linear regression plot of qe versus ln Ce is shown in
Figure A.2, and the calculated values of BT , bT , and
Kt were included in Table 1.

This isotherm does not consider constant adsorp-
tion possibility or homogeneous surface for the adsor-
bent [45]. Thus, the D-R linear form (Eq. (A.3)) can
be applied on both homogeneous and heterogeneous
surfaces:

ln qe = ln qm � �"2; (A.3)

where � (mol2.K/J2) is a constant related to the mean
free energy of adsorption, qm (mg/g) is the theoretical
saturation capacity based on D-R isotherm, and " can
be calculated from the Eq. (A.4):

" = RT ln
�

1 +
1
Ce

�
; (A.4)

where " is the D-R isotherm constant. Figure A.3
represents the plot of ln qe against "2 for adsorption of
MB onto Fe-MOF-5, which allows for determining qm
and � from the intercept and the slope, respectively.
The value of mean adsorption energy, Ea (KJ/mol),
can be calculated fromD-R parameter � as in Eq. (A.5)
[45]:

Ea =
1p
2�
: (A.5)

Appendix B

Pseudo-�rst-order and Elovich kinetic models
The linearized-integral form of the pseudo-�rst-order
model is as in Eq. (B.1) [46]:

log(qe � qt) = logqe � kL
2:303

t; (B.1)

Figure A.3. Linear plot of D-R isotherm of MB
adsorption onto Fe-MOF-5.

Figure B.1. Linear plot of pseudo-�rst-order kinetic
model of MB adsorption onto Fe-MOF-5
(C0 = �100 mg/L, � 200 mg/L, N 300 mg/L, � 400
mg/L).

where qe and qt are the adsorption capacity of Fe-MOF-
5 for MB at equilibrium and any instant of time (min),
respectively. KL is the rate constant of pseudo-�rst-
order adsorption (min�1). KL and qe are calculated
from the slope and intercept of the plots of log(qe� qt)
versus t, respectively (Figure B.1).

The linear form of the Elovich model is presented
by Eq. (B.2) [46]:

qt =
1
�

ln(��) +
1
�

ln(t): (B.2)

The constants � and � were obtained from the slope
and intercept of the linear plot of qt versus ln(t),
as shown in Figure B.2; the values are presented in
Table 2. The low correlation coe�cient, R2, also shows
that the adsorption of MB onto Fe-MOF-5 poorly �ts
the Elovich kinetic model.
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Figure B.2. Linear plot of Elovich kinetic model of MB
adsorption onto Fe-MOF-5 (C0 = �100 mg/L, �
200 mg/L, N 300 mg/L, � 400 mg/L).
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